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Spinel ferrites in general show a rich interplay of structural, electronic, and magnetic properties.
Here, we particularly focus on zinc ferrite (ZFO), which has been observed experimentally to crys-
tallise in the cubic normal spinel structure. However, its magnetic ground state is still under dispute.
In addition, some unusual magnetic properties in ZFO thin films or nanostructures have been ex-
plained by a possible partial cation inversion and a different magnetic interaction between the two
cation sublattices of the spinel structure compared to the crystalline bulk material. Here, density
functional theory has been applied to investigate the influence of different inversion degrees and
magnetic couplings among the cation sublattices on the structural, electronic, magnetic, and optical
properties. Effects of exchange and correlation have been modelled using the generalised gradient
approximation (GGA) together with the Hubbard “+U” parameter, and the more elaborate hybrid
functional PBE0. While the GGA+U calculations yield an antiferromagnetically coupled normal
spinel structure as the ground state, in the PBE0 calculations the ferromagnetically coupled normal
spinel is energetically slightly favoured, and the hybrid functional calculations perform much better
with respect to structural, electronic and optical properties.
PACS numbers: 71.15.Mb,71.20.Nr,78.20.Bh
Zinc ferrite or ZnFe2O4 (ZFO) belongs to the min-
eral class of spinel ferrites crystallising in a cubic crys-
tal structure with the general formula MFe2O4. Com-
mon to all spinel ferrites is the face-centred cubic (fcc)
arrangement of the oxygen anions. In the so-called nor-
mal spinel structure the octahedrally coordinated B-sites
(Oh) are solely populated with Fe
3+ cations whereas the
tetrahedrally coordinated A-sites (Td) accomodate a di-
valent d-metal cation, e.g., M ∈ Mn, Fe, Co, Ni, Cu,
Zn, Mg, Cd.1 One also finds mixed-valence occupancies,
(M1−λFeλ)[MλFe2−λ]O4, with the inversion parameter λ
ranging from λ = 0 for the normal to λ = 1 for the so-
called inverse spinel. Combining a divalent cation with
a non-integer inversion degree, which can partly be tai-
lored by experimental growth conditions,2 offers a huge
variety of structural, electronic, and magnetic properties
within the mineral class of spinel ferrites.
An example for a fully inverse spinel ferrite is NiFe2O4
(NFO), whereas CoFe2O4 (CFO) has a partially inverse
structure with λ ≈ 0.8.3 Both, NFO and CFO, are
ferro(i)magnetic (FM) insulators with high Curie temper-
atures and large saturation magnetisations,4 with possi-
ble applications in artifical multiferroic heterostructures
or spintronics devices.5 An example for a normal spinel
is ZFO. Although experimentally mostly reported to be
an antiferromagnetic (AFM) insulator, with a compar-
atively low Ne´el temperature of TN ≈ 10 K,3,6,7 there
is still an ongoing discussion about its magnetic ground
state. While very early models suggested various AFM
arrangements of the magnetic moments among the A-
and B-site sublattices,8–11 in recent experiments on high-
quality single crystals, no AFM order has been observed
for temperatures down to 1.5 K, and the AFM order
is actually thought to originate from defects or inhomo-
geneities.12
This makes the magnetic structure of spinel ferrites
particularly interesting, e.g. the interactions among the
magnetic cations distributed over the A- and B-sites, and
possible phase transitions. A first understanding of the
magnetic interactions in spinels was provided by the Ne´el
model13 which described a collinear arrangement of mag-
netic moments among the A- and B-site sublattices. This
is realised, e.g., in NFO and CFO, where the A- and B-
site cations order ferromagnetically among themselves,
and antiferromagnetically with respect to the other sub-
lattice. With the d5 (Fe3+) and d7 (Co2+) “levels” of
d-orbital population the additional choice of high-spin
vs low-spin complexes arises. However, for the tetrahe-
drally coordinated A-sites only high-spin complexes are
observed, and within the mentioned materials the B-sites
have high-spin complexes as well. Different inversion de-
grees combined with possible high-spin vs low-spin com-
plexes add another complication to properly describe the
correct magnetic ground state of spinel ferrites. With
a non-magnetic cation (such as Zn2+ in ZFO) populat-
ing the A-sites it becomes more favourable for the Fe3+
cations to order antiferromagnetically on the B-sites be-
low 10 K; contrary to the ferromagnetic coupling in NFO,
CFO, and ZFO at higher temperatures.3,7
In addition, contrary to the normal spinel ground state
of bulk ZFO, several properties in strained thin films
and nanoparticles, like increased magnetisation, have
been explained based on a partial inversion and/or a
AFM to FM change in the B-site magnetisation. Ex-
perimental works so far dealt with single crystals,12 epi-
taxial thin films,2,14–17 and nanocrystalline samples,18,19
respectively. The optical properties of ZFO have only
been rarely investigated.15,17,20,21 Available theoretical
works focused on the ground state properties of ZFO
using various exchange-correlation functionals, includ-
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2ing variants of the generalised gradient approximation
(GGA),22–24 different parametrisations of the GGA+U
functional,16,22,25 and a recent GGA plus many-body
correction investigation,21 respectively. Although more
elaborate hybrid functionals have proven to give im-
proved results for other spinel ferrites,26 systematic stud-
ies for ZFO are missing to date.
Here, we focus on differences between the collinear
AFM and FM normal spinel structure, as well as inverse
structures with λ = 0.5 and λ = 1.0. Presented results
include structural (lattice constant a, oxygen parameter
u, bulk modulus B), electronic (density of states (DOS),
band structure), magnetic, and optical (dielectric func-
tions) properties.
I. COMPUTATIONAL DETAILS
The results of the present work have been obtained
by density functional theory (DFT) calculations employ-
ing the Vienna ab initio Simulation package (VASP)27–29
together with the projector-augmented wave (PAW) for-
malism.30 Spin-polarisation has been taken into account.
Standard VASP PAW potentials were used with 14, 12,
and 6 valence electrons for iron, zinc, and oxygen, re-
spectively. Approximations to the exchange-correlation
potential used in the present work are the GGA together
with Hubbard “+U” method31 based on the Perdew-
Burke-Ernzerhof (PBE) parametrisation,32 and the more
elaborate hybrid functional PBE0,33 where a quarter of
the exchange potential is replaced by Hartree-Fock exact-
exchange. The Hubbard “+U” method has been applied
in the simplified, rotationally invariant version of Du-
darev et al.,34 with a value of Ueff = U − J = 5.25 eV
applied to the Fe cations. This value of Ueff has been
chosen to reproduce the experimental band gap of ZFO
of around 2.2 eV,35,36 is similar to the Ueff = 5.9 eV
applied to FeO31 and is slightly larger than Ueff = 3
eV applied to NFO and CFO.4,37 Both functionals, the
GGA+U and the hybrid PBE0, are employed to over-
come the insufficient description of electronic exchange
effects in standard DFT calculations.31,33
The spinel structure crystallises in the cubic space
group Fd3¯m (No. 227) with the smallest possible unit
cell accomodating two functional units (f.u.) of ZFO and
14 atoms. Due to the necessary application of periodic
boundary conditions, the calculations face an artificial
symmetry reduction depending on the chosen inversion
degree and magnetic order.4,38,39 Similar to our earlier
works on spinel ferrites, structural relaxations were per-
formed for several volumes of the smallest possible unit
cell within a scalar-relativistic approximation and allow-
ing the internal structure parameter to relax until all
forces on the atoms were smaller than 0.001 eVA˚−1.
Dense Γ-centred k point meshes of 8 × 8 × 8 for the
Brillouin zone integration and a cutoff energy of 800 eV
ensured converged structural parameters and total ener-
gies within meV accuracy for the GGA+U calculations.
For the more demanding PBE0 calculations, Γ-centred
k point meshes of 6 × 6 × 6 and a cutoff energy of 500
eV have been used. Ground-state geometries were de-
termined by a cubic spline fit to the total energies with
respect to the unit cell volumes.
II. RESULTS AND DISCUSSION
The obtained structural properties of ZFO are given
in table I in comparison to available experimental re-
sults. The GGA+U calculated lattice constants, oxygen
parameters u, and bulk moduli for the normal spinel are
8.541 A˚, 0.261, and 161.1 GPa, and 8.545 A˚, 0.260, and
162.0 GPa for the AFM and FM arrangement of mag-
netic moments among the B-site sublattice, respectively.
The respective PBE0 calculated lattice constants, oxy-
gen parameters u, and bulk moduli are 8.446 A˚, 0.261,
and 173.8 GPa, and 8.452 A˚, 0.260, 174.1 GPa, and are
in much better agreement to the experimental results of
8.441 A˚ [40] (8.4599 A˚ [6]), 0.260 [41], and 175.0 GPa [42],
respectively. This is in line with the general trend that
hybrid functional calculations for oxide semiconductors
yield better agreement of lattice parameters and bulk
moduli with respect to experimental results.43
The AFM arrangement of magnetic moments among
the B-site sublattice is the ground state for the GGA+U
calculations, in agreement with experiment and other
theoretical investigations, whereas the FM arrangement
is slightly favoured for the hybrid functional PBE0 cal-
culations.
As can be seen from the data in table I, with increasing
inversion degree λ the lattice constants decrease from the
normal spinel AFM values for both, GGA+U and PBE0
functional calculations, in agreement with experimental
results of Wu et al.,19 who report a lattice constant of
8.377 A˚ for a partially inverse ZFO sample with λ = 0.5.
Both, the GGA+U and PBE0 calculated bulk moduli
increase with increasing inversion degree λ.
The DOS of normal ZFO with a AFM and FM ar-
rangement of magnetic moments among the B-site sub-
lattices, partially inverse ZFO (λ = 0.5) and fully inverse
ZFO (λ = 1.0) are shown in figure 1. The left and right
panels depict the results of GGA+U and PBE0 calcu-
lations, and the zero energy is set to the valence band
maximum, respectively. In each of the panels the to-
tal DOS is shown as shaded grey area, and the spin-up
(spin-down) contributions are given along the positive
(negative) y-axis. Generally, apart from the larger band
gap for the PBE0 calculations, the overall shape of the
DOS looks quite similar for the GGA+U and the PBE0
calculations.
From the DOS with respect to the inversion degree λ it
can be seen that an increasing inversion degree shifts the
valence band DOS towards higher energies, and exhibits
a growing contribution to the tetrahedral Fe and octahe-
dral Zn DOS, respectively. From figure 1 it can also be
seen that both, GGA+U and PBE0 calculations, yield
3TABLE I. Ground state structural properties (lattice constant a, oxygen parameter u, and bulk modulus B) of ZFO calculated
with the GGA+U and PBE0 exchange-correlation functionals and different inversion degrees λ in comparison to available
experimental results. The theoretical data also includes the energy difference ∆E with respect to the most stable configuration.
For the normal spinel (λ = 0.0) the first (second) data set reports structural properties for the AFM (FM) arrangement of
magnetic moments among the B-site sublattice, respectively.
GGA+U PBE0 Expt.
λ a u B ∆E a u B ∆E a u B
[A˚] [GPa] [eV] [A˚] [GPa] [eV] [A˚] [GPa]
0.0 8.541 0.261 161.1 0.0 8.446 0.261 173.8 0.030 8.441 [40] 0.260 [41] 175.0 [42]
8.52 [22] 0.0 [22] 8.4599 [6]
0.0 8.545 0.260 162.0 0.051 8.452 0.260 174.1 0.0
8.53 [22] 0.068 [22]
0.5 8.526 0.259 166.3 0.519 8.424 0.259 192.6 0.175 8.377 [19]
1.0 8.515 0.250 169.8 0.761 8.407 0.250 203.7 0.213
8.49 [22] 0.210 [22]
an insulating behaviour, underlying the important effect
of electronic exchange effects on the electronic properties
compared to plain GGA approaches.44
The local magnetic moments for Fe cations are found
to be in the range of 4.1 to 4.3 µB , with the GGA+U
values being slightly larger than the PBE0 ones, for all
inversion degrees and arrangements of magnetic moments
among the B-site sublattices. This is in favourable agree-
ment with the experimental value of 4.22 µB [6] and the
range of 4.1 to 4.2 µB reported from other GGA+U cal-
culations,22 respectively.
For the normal spinel and AFM arrangement of mag-
netic moments among the B-site sublattice it is no sur-
prise that the spin resolved band structure depicted in
the upper panels of figure 2 shows he same behaviour
for the spin-up and spin-down channels, with a band gap
of 2.21 eV (3.68 eV) for the GGA+U (PBE0) calcula-
tions. While the GGA+U band gap is close to the ex-
perimental band gap of around 2.2 eV,35,36 the PBE0
band gap is close to the experimental band gap of 3.31
eV, obtained from spectroscopic ellipsometry measure-
ments.15 This changes drastically for the FM arrange-
ment, where the band gap is now between the spin-up
valence band and the spin-down conduction band for
both, and amounts to 1.68 eV (3.13 eV) for the GGA+U
(PBE0) calculations, respectively. Changing the inver-
sion degree λ from 0.5 to 1.0 only has a small influence
on the band gap, which is now around 1.91 eV (3.37 eV)
for the GGA+U (PBE0) calculations.
Based on the obtained relaxed structural ground states
for different inversion degrees λ and magnetic arrange-
ments on the B-site sublattices the optical properties
have been calculated and are depicted in figure 3. Gen-
erally, the onsets of the imaginary parts of the PBE0
dielectric functions (ε2) are shifted towards higher ener-
gies, as to be expected from the larger band gaps already
seen in the DOS (figure 1) and the band structures (fig-
ure 2). Moreover, all the PBE0 dielectric functions are
flatter compared to the GGA+U ones. If one accounts
for the slight changes in the observed band gaps, the over-
all features of the imaginary part of the PBE0 dielectric
function for normal ZFO and a AFM arrangement of the
magnetic moment among the B-site cations (upper right
panel of figure 3), is in good agreement with the optical
data reported in.15
III. SUMMARY AND OUTLOOK
In summary, a detailed investigation on the influence
of the inversion degree λ and different arrangements of
the magnetic moments among the B-site cations on the
structural, electronic, magnetic, and optical properties of
the spinel ferrite ZFO has been presented. It has been
shown that the hybrid functional PBE0 performs better
than GGA+U , and yields an overall better agreement
with respect to experimental results on structural, elec-
tronic and optical properties. These hybrid functional
calculations provide the basis for future in-depth analyses
of the optical properties in relation to the band structure
and DOS, as well as taking into account strain effects
from underlying substrates.4,39
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